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The biofilm state is an integral part of the lifecycle of many bacterial pathogens. Identifying inhibitors as molecular probes against bacterial biofilms has numerous potential biomedical applications. Here we report quinoline amino alcohol 20 as a highly potent disruptor of V. cholerae biofilms. Additionally, 20 was able to disperse preformed biofilms, an activity exhibited by few compounds with biofilm inhibiting activity.
Cholera is a disease that disproportionately affects those in countries with inadequate access to clean drinking water. The absence of strong sanitation infrastructure is particularly challenging in this regard, as this can lead to the contamination of water supplies, which in turn increases the chances of an outbreak. 1 Normally, standard care includes fluid replacement and administration of antibiotics, making cholera a treatable disease provided that treatment is initiated quickly. Unfortunately natural disasters and the growing problem of bacterial drug resistance can affect accessibility to and efficacy of both these items, as was observed after the Haiti earthquake in 2010. 2 These challenges are exacerbated by V. cholerae's ability to exist in both planktonic and biofilm states. Bacteria that inhabit the biofilm state are an estimated 10-1000 times more resistant to traditional antibiotics than planktonic cells. 3 Bacterial biofilm formation is a stochastic process driven by a complex and dynamic regulatory network. 4 Once formed, bacterial biofilms become communities of sessile cells packaged in an extracellular polymeric substance (EPS) matrix comprised of polysaccharides, proteins, and nucleic acids 5 that is less susceptible to the effects of antibiotics. Bacterial biofilms have been the focal point of significant attention because of this role in antibiotic resistance as well as their impacts on the progression and persistence of nosocomial infections. This is particularly true in the case of cholera, where biofilm formation is a key element of the lifecycle and transmission mechanism.
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Therefore the discovery of new inhibitors, antibiotics, and chemical genetic probes for V. cholerae biofilms is of high value for the development of next-generation therapeutics against this global health pathogen.
Our laboratory has recently developed an image-based high content screening platform for the discovery of biofilm inhibitors and disruptors against both V. cholerae and P. aeruginosa. 7, 8 Application of these screens to both natural products and synthetic screening libraries has led to the discovery of a number of new lead structures that inhibit biofilm formation and progression. 9,10 A previous report by our group described the synthetic optimization of one of these lead series, and demonstrated a clear pharmacophore model for this compound class. 11 This model requires a quinoline core with an essential amino alcohol at the 4-position of the heterocycle, as well as an aryl substituent at the 2-position. This led to the development of a synthetically tractable lead compound with a simpler structure and equal potency to the original lead compounds (Figure 1 ). Motivated by the fact that our synthetic strategy can rapidly diversify the 2 and 4-positions, the goal of this new study was to identify more potent analogs with a particular interest in compounds with differential biofilm and antibiotic activities. This is relevant because elimination of biofilm persister cells through nonantibiotic Mechanisms of Action (MOA) gives less evolutionary pressure for resistance.
Our first generation library explored the effects of systematic variation of functional groups at both the 2 and 4-positions of the quinoline core (Scheme 1). This work identified the L-proline-derived 5-membered ring as the optimal substructure at the 4-position. This is an improvement over the original racemic piperidinyl scaffold because L-proline is a cheap, commercial starting material and racemic compounds are now difficult to advance as drug leads due to increased regulatory requirements for clinical testing laid down by the FDA.
13 Compound 4 was therefore selected as a starting point for this new study, whose goal was to prepare a secondgeneration library that extended the diversity of functionalization on the aryl ring of the 2-position, and to examine whether the substitution pattern and degree of electron withdrawing effect on this aryl ring could improve biofilm disruption and identify new dose response phenotypes. These studies began by taking compound 5 and via a regiospecific Grignard reaction, prepared 4.15 g of 7 using our previously reported protocol. This intermediate was then diversified via Suzuki cross-coupling reactions to introduce 14 different boronic acids at the 2-position (Scheme 2). These boronic acids varied in size, lipophilicity, and degree of electron withdrawing capacity and were selected to probe the substitution and electronic requirements for biofilm disruption. Finally, the crude material from each Suzuki crosscoupling reaction was separately treated with HCl to remove the trityl protecting group, and the final compounds purified using a combination of silica gel chromatography and HPLC separation to give compounds 8 -21.
Currently there are no FDA-approved antibiotics that specifically target bacteria in the biofilm state. From an applications perspective, compounds that modulate biofilm dynamics are of value in two different arenas: 1) compounds that can inhibit the initial attachment of bacterial cells to native and non-native substrates, and 2) compounds that are capable of dispersing preformed biofilm colonies.
14 In the first case, inhibitors of initial attachment have potential applications as prophylactics during implant surgery, or as additives to coatings for medical implant devices, while in the second case compounds that disperse mature biofilms could be used as co-dose therapies for the treatment of established biofilm-mediated infections. Our current image-based high content screening platform is capable of identifying compounds with either of these activities, depending upon the configuration of the assay platform (biofilm inhibition model (BIM), or biofilm dispersal model (BDM)). In the BIM, test wells are treated with compound at the initial point of inoculation to model inhibition of initial attachment of bacterial cells, while in the BDM biofilms are allowed to preform for two hours prior to compound addition, to model the effect of test compounds on existing biofilm colonies. In both cases, incubation of the screening plates is then followed by imaging (% biofilm coverage) and optical density (OD) readings to quantify both biofilm coverage and cell viability in each well. We subjected compounds 8 to 21 to evaluation in both the biofilm inhibition and the biofilm dispersal models to examine whether any of these molecules were capable of disrupting biofilm progression in V. cholerae. Consideration of these screening results (Table 1 ) revealed several interesting SAR features for this new suite of compounds. As expected, compound 8, which contains a chlorine atom in place of the aryl substituent at the 2-position, was inactive while compound 9 (2-phenyl derivative) possessed only moderate activity in the inhibition screen. Our previous exploration of this compound class revealed para-CF 3 derivative 4 as a potent biofilm inhibitor. Using the underivatized phenyl derivative 9 as a baseline, we therefore first performed a trifluoromethylation scan to examine the effect of varying the substitution of the -CF 3 group around the aryl ring. Interestingly, the position of the -CF 3 group had a pronounced impact on activity, with ortho-derivative (10) displaying no activity in either the inhibition or dispersal assays, while the meta-and paraderivatives (4 and 11) were both more active than the parent phenyl derivative in the inhibition model with BIC 50 activities of 25.3 and 56.5 µM respectively. In line with our previous work in this area, both of these compounds displayed weaker activities in the dispersal assay, With BDC 50 activities in the mid-to high-micromolar range. We next explored the impact of varying substituents at the para-position of the phenyl ring, including -CF 3 (4), -H (9), -NO 2 (12), -CH 3 (13), -F (14), -SF 5 (15), and -Cl (16) . The comparable activity of 9 and 14 suggests that F is not sufficiently electron withdrawing to impart improved activity. The activity of 12 on the other hand suggests that robust electron withdrawing groups like -NO 2 that change other properties (H-bond acceptors, and polarity) also do not improve activity. Analogs 4 and 13 are isosteres of one another (CH 3 vs CF 3 ) and their activities show the importance of electron withdrawing groups on the activity, with compound 4 showing improved potency over 13. Consistent with this we observed strong activity for the -SF 5 derivative 15, which was significantly more active (BIC 50 = 12.9 µM, BDC 50 = 15.6 µM) than any of the other derivatives in this set.
In an effort to further interrogate the importance of substitution patterns on activity, disubstituted derivatives 17, 18, 19, and 21 were prepared from the corresponding boronic acids (2,4-RPhB(OH) 2 : R=CF 3 , CH 3 , F, Cl). The activity trend for these analogs (17>21>18>19) is consistent with the monosubstituted analogs (4, 13-16 ). However what was unexpected was the comparable activity of the 4-substituted CF 3 and Cl derivatives (4 and 16) and their corresponding 2,4-disubstituted derivatives (17 and 21) . The inclusion of an additional -CF 3 (17) or -Cl (21) motif greatly increased the AlogP values, however the change in activity in each case was negligible, suggesting that the activity of these compounds is not driven by their lipophilic properties.
Up to this point, compound 15 was the most active in this new series with improved activity over first-generation lead 4. The improvement in activity observed by inclusion of the increasingly popular -SF 5 group encouraged us to further explore the use of this motif in our lead development efforts.
15 Gratifyingly when the meta-SF 5 derivative 20 was synthesized and screened it was five-fold more potent (BIC 50 = 4.4 μM) than 15 at disrupting biofilm formation. This result was unexpected because in the trifluoromethylation scan of the phenyl ring it was observed that para-substitution was optimal, whereas in the -SF 5 series it is the meta-substituted derivative that possesses the most potent activity. Most interesting is that OD (optical density) measurements in the inhibition assay show a window of efficacy between the BIC 50 and the concentration at which the compound became bactericidal (minimum inhibitory concentration (MIC) = 78.1 μM). This result is significant because up to this point almost all derivatives examined in this series have BIC 50 values close to the corresponding MICs. The differentiation between inhibitory and antibacterial activities is therefore intriguing, and suggests that this compound may have a mode of action for biofilm inhibition and dispersal that is distinct from its antibiotic activity. This compound has the most potent inhibition and dispersal activities observed to date for this structural class, and is one of the most active biofilm disruptors known for V. cholerae. We further examined the value of this new lead by comparing its activity to the activity of the FDAapproved antibiotic doxycycline, which is part of the standard of care for treatment of patients suffering from cholera. In the initial attachment assay, where test wells are treated with compound at the point of inoculation, doxycycline was capable of inhibiting both bacterial growth and biofilm formation (Figure 2 ). However, in line with clinical observations, doxycycline was not able to reduce biofilm coverage up to very high testing concentrations in the dispersal model, where biofilms are allowed to preform prior to compound addition. By contrast, 20 was capable of reducing both planktonic cell density (as measured by OD 600 ) and biofilm coverage in both the initial attachment and preformed biofilm assay models. This activity profile is consistent with the application of these compounds as part of a co-dose therapy to treat established biofilm mediated infections by clearing established biofilm colonies from native and non-native surfaces.
Finally, to explore the therapeutic potential of this new lead series we also examined the cytotoxicity of this compound series in our image-based cytological profiling assay in HeLa cells.
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Results from this screen ( Supplementary Information, Table S1 ) indicated that many of these compounds possessed measurable cytotoxic activities, in line with other recent reports that have examined the cytotoxic activities of members of this compound class. 17 In most cases in our assay system the SAR of this cytotoxic activity paralleled the anti-biofilm activities with similar absolute potencies. With this data in mind the preferred application of these materials is likely as the bioactive components of coatings for implant medical devices, where local concentrations can be high, but systemic concentrations would remain low. Given that the best treatment for biofilm-mediated infections on medical implant devices is removal of the device. 4 There is clearly a strong need for such materials, providing an incentive for the development of compounds of this type.
Conclusions
In conclusion, we report the creation and biological evaluation of a library of quinoline amino alcohol derivatives and their evaluation as biofilm inhibitors against the Gram-negative pathogen V. cholerae. This synthetic route is amenable to large-scale production of an enantiopure intermediate derived from L-proline, and subsequent late-stage diversification using palladium cross coupling chemistry. Biological examination of this new library has led to the discovery of a new lead compound (20) with improved BIC 50 and BDC 50 activities over the initial lead molecule which possesses a unique activity profile compared to other members of this class, providing encouragement for further development in the area of bioactive coatings for medical implant devices.
